tion still trump vigorous science. When, for example, one tells officials at the Food and Drug Administration or a person in a drug company who is deciding whether to pursue a treatment for cerebral vasospasm that this condition causes cerebral infarction and poor outcome, so that preventing vasospasm would be beneficial, they will ask to see the data supporting this contention. They also want quantitative data on every aspect of this pathway. Several such encounters led us to search the world literature to find the evidence. The first purpose of this manuscript is therefore to determine what evidence exists to support the pathway from SAH to vasospasm to cerebral infarction to poor outcome.
There are additional reasons for doing this. If such a path were strongly supported by data of a high level of evidence, then this would be a first step in developing the use of angiographic vasospasm and possibly cerebral infarction as surrogate markers for outcome in future clinical trials conducted to evaluate interventions for delayed cerebral vasospasm. Other criteria for surrogate end points are required, for instance, that they make sense pathophysiologically and that they respond to treatment in parallel with a patient-based, long-term outcome measure, but the first step is to establish the relationship outlined here.
The authors tested the null hypothesis that published literature with a high level of evidence does not support the assertion that subarachnoid hemorrhage (SAH) causes cerebral vasospasm, which in turn causes cerebral infarction and poor outcome after aneurysmal SAH. The medical literature on SAH was searched in MEDLINE. The author's personal files of all published literature on SAH were reviewed. References cited in Cochrane reviews as well as the published papers that were reviewed were also retrieved.
There is no question that SAH causes what the authors have chosen to call "angiographic vasospasm." However, the incidence and severity of vasospasm in recent series of patients is not well defined. There is reasonable evidence that vasospasm causes infarction, but again, accurate data on how severe and how diffuse vasospasm has to be to cause infarction and how often vasospasm is the primary cause of infarction are not available. There are good data on the incidence of cerebral infarction after SAH, and these data indicate that it is highly associated with poor outcome. The link between angiographic vasospasm and poor outcome is particularly poorly described in terms of what would be considered data of a high level of evidence.
The question as to whether there is a clear pathway from SAH to vasospasm to cerebral infarction to poor outcome seems so obvious to neurosurgeons as to make it one not worth asking. Nevertheless, the obvious is not always true or accurate, so it is important to note that published literature only weakly supports the causative association of vasospasm with infarction and poor outcome after SAH. It behooves neurosurgeons to document this seemingly straightforward pathway with high-quality evidence acceptable to the proponents of evidence-based medicine.
Literature Review

Definitions of Terminology
The use of the term "cerebral vasospasm" needs further definition. It can be used to describe the reduction in diameter of the large intradural cerebral arteries 3 to 14 days after SAH as seen on angiography, and this will henceforth be called "angiographic vasospasm." The term "cerebral vasospasm" can also be used to describe neurological worsening associated with this scenario in the absence of other causes, and is more correctly called "clinical" or "symptomatic" vasospasm. Use of the terms clinical or symptomatic vasospasm does not necessarily imply documented angiographic vasospasm. Furthermore, not all patients with angiographic vasospasm have symptoms attributable to it, and vice versa. 7, 45, 52 The term "symptomatic vasospasm" is more subjective, because it depends on how exhaustive the efforts are to exclude other causes of neurological worsening. Furthermore, it is complicated because there may be contributing factors, and because patients with poor-grade SAH are more difficult to assess, particularly if they are sedated.
The exact meaning of angiographic vasospasm also varies, because one has to distinguish early from delayed vasospasm. Early vasospasm is typically defined as angiographic vasospasm occurring fewer than 48 hours post-SAH. Although it has been shown to be associated with delayed neurological worsening, infarction, and poor outcome, early vasospasm was not found to be related to delayed vasospasm, and thus we will not focus on it here. 3 Small arteries that cannot be easily observed angiographically were also suggested to contribute to neurological deterioration and morbidity after SAH. 39, 69 The existence and importance of this problem in humans is unknown. Further reference to vasospasm in this article can be assumed to refer to delayed large-artery vasospasm.
Terms such as "delayed cerebral ischemia," "symptomatic vasospasm," and "delayed ischemic neurological deficit" are often used interchangeably in the literature. The definition of these terms is not always the same across studies. Delayed cerebral ischemia (in relation to vasospasm) is a term that can be used to describe the symptoms associated with vasospasm, whether they are transient or not. Therefore, this is primarily a clinical diagnosis, because it does not require angiographic evidence of vasospasm. Because angiography remains the gold standard for diagnosis of vasospasm, a diagnosis of delayed cerebral ischemia will include some patients in whom deterioration occurs from something other than angiographic vasospasm. There are numerous causes of delayed deterioration. Neurological deterioration is a manifestation of neuronal dysfunction, and some of its causes are not due to ischemia (seizures, hydrocephalus, and perhaps edema and brain shift). Even deterioration due to ischemia has been attributed to causes other than angiographic vasospasm; these include microvascular vasospasm, thromboembolism, and delayed neuronal apoptosis triggered by global ischemia occurring at the time of SAH. 38, 39, 49, 52 Here we use the term delayed cerebral ischemia to mean ischemia from angiographic vasospasm.
Cerebral infarction due to vasospasm is a radiological diagnosis and results from persistent delayed cerebral ischemia due to angiographic vasospasm. Exactly how severe and extensive angiographic vasospasm has to be to cause infarction is difficult to ascertain. Although those of us with extensive clinical experience in the field have an impression that, with current treatment, angiographic vasospasm must narrow the arteries by more than two thirds and be fairly extensive to cause infarction, quantitative data in the literature are scarce. 41 When examining the incidence of infarction due to vasospasm, it is important to exclude other causes of infarction, including the following: encephalomalacia from intracerebral hematoma; complications of angiography or endovascular treatment (such as arterial occlusions or thromboembolism); complications of surgery (such as retraction injury); temporary clip placement or arterial occlusions; or indeed any other cause of brain ischemia.
Finally, measures such as the GOS score, mRS score, and Karnofsky Performance Scale score are often used to assess clinical outcome in patients after SAH. Their use is sometimes criticized because of the lack of ability these measures provide to discriminate between normal, fully recovered patients and those with neurological deficits (ceiling effect), which results in falsely categorizing patients as having a good recovery. Patients with cognitive impairment constituted more than 90% of survivors in one series, and in many, cerebral infarction was demonstrated on magnetic resonance imaging. 12 Also, the five categories in the GOS are often collapsed into a dichotomous outcome, which decreases discriminative power.
Search Methods
A MEDLINE search was conducted using "subarach-C. P. Nolan and R. L. Macdonald noid hemorrhage" as the key word. Articles were retrieved that contained information relevant to the pathway outlined here. The senior author's files, which contain most of the world literature, including reports published prior to 1966, were reviewed. 61 A textbook on cerebral vasospasm was reviewed. 34 The literature was summarized and is presented later. This was not a rigorous, systematic review. The findings of such a review would probably be very disappointing.
Results and Discussion
There are six cause and effect combinations in the pathway (Fig. 1) . Perhaps the only one not open to question by skeptics is that SAH causes a poor outcome, so this is not reviewed here.
Does SAH Cause Vasospasm?
The belief that SAH causes angiographic vasospasm is straightforward and supported by high-quality evidence. Animal models show that vasospasm is caused by SAH. 13, 27, 35 We know that the blood from the hemorrhage causes vasospasm, because removing it acutely prevents spasm, and this condition only occurs in the arteries that are encased in blood. 15 There is very limited evidence for a dose-response effect, in that more blood causes more severe and more prolonged vasospasm, and the longer the SAH is present, the more sustained and severe vasospasm is. 70 All of these pieces of evidence have reasonable correlates from human studies. Vasospasm in humans occurs after any condition that deposits blood from SAH in the basal cisterns at an adequate dose and for a long enough time. 6, 56 There are independent correlations among the location, volume, duration of presence, and density (another measure of clot dose) of the hematoma and angiographic vasospasm. 16, 17, 46, 56 Furthermore, removing the clot in humans prevents vasospasm. 14, 62 Even though these data are not perfect, because the information has one or more flaws, including retrospective assessment, lack of blinding, small patient numbers, no statistical analysis, and no qualitative end points, clinical experience still is important and the basic premise is hard to deny. In summary, there is an overwhelming body of experimental and clinical experience demonstrating this link.
Another way to assess the relationship is to examine predictors of vasospasm, but there are few such studies. The strongest predictor of delayed cerebral ischemia is clot thickness on admission CT scans. 7, 33 Ischemia in these patients, however, is not always due to vasospasm, and not all patients in this study and other series underwent angiography, which remains the gold standard for detecting angiographic vasospasm. 1, 5, 23 Thus, it is obvious that SAH causes delayed cerebral ischemia, but the contribution of angiographic vasospasm to this condition is not well defined quantitatively.
There are at least two other points to discuss here. First, treatment with nimodipine and hemodynamic maneuvers may have decreased the risk of delayed cerebral ischemia. Despite widespread opinion to the contrary, nimodipine may reduce angiographic vasospasm 40, 41 and cerebral infarction. 44, 47 The increasing use of endovascular treatment of aneurysms and the decreasing use of invasive arteriography in favor of less invasive alternatives (CT or magnetic resonance angiography) may also alter the incidence and severity of angiographic vasospasm after SAH.
Second, some authors suggest that the Fisher scale cannot be used to predict development of vasospasm. 54 It is not surprising that this could be so, because the measurements and method used by Fisher, et al., 16 are not easily applied to modern imaging, other factors such as clot clearance are important, small sample sizes can give erroneous results, and vasospasm is usually not angiographically detectable, but the inaccurate surrogate delayed cerebral ischemia has been frequently used as an end point in recent papers.
Does SAH Cause Cerebral Infarction?
This is necessarily true if the pathway is correct. In 1949, Robertson noted cerebral infarcts in patients who died after aneurysmal SAH. 48 These lesions were remote from the ruptured aneurysm, and he postulated vascular spasm as the cause. In several subsequent pathological studies it was documented that patients dying of SAH often had infarcts, usually in the territory of the artery containing the aneurysm that had ruptured. [8] [9] [10] 50 The arteries were patent at pathological review and the infarcts were suggested to be due to various causes such as vasospasm, hypotension, and hypoxia. Some of these patients had not undergone interventions such as angiography and surgery, excluding iatrogenic causes of infarction. 36 However, it is difficult to distinguish vasospasm histologically from vasoconstriction and collapse of arteries occurring agonally or postmortem. Because angiography studies usually had not been obtained immediately before death, there was no proof that the infarcts were due to vasospasm. For small infarcts, microthrombi could be a cause because these are not reliably detected on routine histological examination. 55 Nevertheless, these papers are very important because most of the patients did not undergo either angiography or treatment of their aneurysms, so these studies provide direct evidence that SAH causes infarction.
In a prospective study of 176 patients who were admitted within 72 hours of SAH and who did not undergo surgery, delayed cerebral ischemia was diagnosed clinically; angiography or transcranial Doppler ultrasonography was not performed in all cases. 24 Of these patients, 47 (27%) had infarction on CT scans, and of 18 who died after delayed cerebral ischemia, all had infarcts. In the next section we review more data showing infarction after SAH and delineate the evidence for this step.
In many studies cerebral blood flow was measured after SAH and during vasospasm. 26, 34, 71 These data demonstrate reductions in flow but are not very useful for our purposes because changes in flow do not equate to infarction. The values for thresholds of ischemia and infarction in humans are not even well known. 4 In any case, this part of the pathway is accurate despite limitations of the data.
Does Vasospasm Cause Cerebral Infarction?
Even though it seems obvious, support for this hypothesis is based on only very limited retrospective studies in which vasospasm was documented using angiography. Most of this work is compromised by selective use of angiography, which introduces diagnostic uncertainty. The
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Angiographic vasospasm in evaluating therapy for cerebral vasospasm severity and extent of vasospasm that is needed to cause infarction and the frequency of infarction due to angiographic vasospasm is not easily discerned from the literature.
Ohta and Ito 42 retrospectively reviewed 135 patients with ruptured aneurysms. Vasospasm developed in 92 (68%) of these patients, as demonstrated on angiographic studies, and infarction occurred in the territory of the vasospastic artery in 29 (21%). The authors concluded that SAH led to vasospasm and subsequently to infarction. The limitations are that this was a retrospective review performed by physicians who were not blinded to the diagnosis, although the findings have been confirmed in other retrospective reviews. Graham and colleagues 18 performed postmortem examinations in patients who had died after SAH from a ruptured aneurysm. Of 34 hemispheres with ischemic brain damage (28 arterial territory, six boundary zone), 22 (65%) were considered to have pathological vasospasm, whereas spasm was only detected in four (18%) of the 22 hemispheres with no evidence of ischemic brain damage. Furthermore, 77% of hemispheres without intracerebral hematoma but with arterial territory infarction had spasm, whereas only 17% of such hemispheres had spasm but no infarction. These authors also asserted that severe spasm correlated significantly with the presence of infarction, particularly in patients with arterial territory ischemia, although quantification of vasospasm was not performed.
In a prospective study of 265 patients, Ohman, et al., 41 examined the incidence of angiographic vasospasm and cerebral infarction with respect to nimodipine. This study only included good-grade patients, 223 of whom were available for follow up and underwent CT scanning at a mean of 1.4 years post-SAH. In patients with moderate to severe vasospasm (> 30% luminal diameter reduction) on postoperative angiographic studies, 65% had infarction on follow-up CT scans, which was significantly higher than the number with infarction and no vasospasm (for infarction in patients without vasospasm compared with those in whom vasospasm was found: RR 0.38, 95% CI 0.2-0.74).
Infarctions were usually located in the territory of the artery harboring the ruptured aneurysm. Rabinstein and colleagues 45 retrospectively reviewed data obtained in 143 patients with aneurysmal SAH to identify risk factors for cerebral infarction. These authors' definition of infarction excluded causes that were unlikely to be due to vasospasm, but the definition of symptomatic vasospasm did not require angiography, so it is diagnostically uncertain whether angiographic vasospasm was present. Symptomatic vasospasm occurred in 49% of patients and infarcts occurred in 40%. Of patients with infarcts, symptomatic vasospasm was diagnosed in 89%. In a multivariate analysis, these authors found that symptomatic vasospasm and transcranial Doppler ultrasonography or angiographic vasospasm were independent risk factors for infarction.
In a logistic regression performed on data obtained in the 3567 patients entered into four randomized blinded trials of tirilazad, it was found that infarction was highly and independently associated with delayed cerebral ischemia (RL Macdonald, unpublished observations). 20, 29, 31, 32 These data are compromised because angiography was not performed and the suspected cause of the infarction was not known. Important data can be derived from clinical trials of protocols that reduced vasospasm and cerebral infarction. 41, 59, 67 This is key because these studies simply show a relationship between the two, but do not provide information on cause and effect. Demonstrating a reduction in infarction in association with reduced angiographic vasospasm supports causality and also is an important component of the development of angiographic vasospasm as a surrogate marker. Unfortunately, the studies on which to base this conclusion are not robust, which is fuel for skeptics. In other words, for each drug study yielding positive results, there are as many or more with negative findings. In the randomized blinded trial of nimodipine conducted by Ohman, et al., 41 nimodipine significantly reduced angiographic vasospasm, delayed cerebral ischemia (which decreased from 28% in the placebo group to 14% with nimodipine), and cerebral infarction. There was no effect on outcome, which then requires one of three conclusions. Either the link between angiographic vasospasm, infarction, and outcome is incorrect, or one has to hypothesize that nimodipine also has detrimental side effects or that rescue therapy is equally effective and was used more in the placebo group. Also, in other trials of nimodipine, investigators did not find a difference in angiographic vasospasm. 43 The cooperative aneurysm studies for nicardipine reveal a similar picture. 21, 22 In these investigations, 906 patients with recent aneurysmal SAH in all neurological grades and a balance of prognostic factors for vasospasm were randomized to receive either nicardipine or placebo. Clinical vasospasm developed in 32% of patients in the nicardipine group, compared with 46% in the placebo group (p Ͻ 0.001). There were no statistical differences, however, in the rates of infarction or outcome measures. This may be explained by the fact that, although patients in both groups had similar rates of prophylactic hemodynamic therapy, those in the placebo group had higher rates of intentional therapeutic hemodynamic therapy (38% compared with 25%; p Ͻ 0.001). In 23% of nicardipinetreated patients and in 26% of those who received placebo, angiography was performed during the expected period of maximal vasospasm (Days 7-11), with 33% of patients in the nicardipine group experiencing moderate to severe angiographic vasospasm compared with 51% in the placebo group. This reduction in angiographic vasospasm in the nicardipine group correlates well with the reduction in clinical vasospasm, although this was not borne out when outcome measures and infarction rates are included as discussed earlier. Another consideration is that there may have been a selection bias in choosing the patients who underwent angiography.
A randomized trial in which enoxaparin was compared with placebo in good-grade patients included 117 participants and examined ischemic sequelae after SAH. 67 Intraoperative or postoperative angiography was performed in 82 patients (70%). There were significant decreases in localized angiographic vasospasm (16% in the enoxaparin group compared with 48% in patients receiving placebo), which were associated with a significant decrease in infarction from vasospasm (4% of enoxaparin-treated patients compared with 28% of patients receiving placebo). Conversely, another randomized blinded study of enoxaparin showed no statistical difference in angiographic vasospasm, delayed cerebral ischemia, infarction, or outcome after aneurysmal SAH. 53 Finally, although results of the first trial of a nonselective endothelin receptor antagonist were negative, 51 a Phase IIa blinded trial of the selective endothelin receptor A antagonist clazosentan was more favorable. 59 Of 32 patients randomized to receive clazosentan or placebo, 40% in the clazosentan group experienced angiographic vasospasm (> 33% luminal narrowing) compared with 88% in the placebo group, and the severity of the vasospasm was also significantly less with clazosentan. New infarctions were present in 31 and 50% in the clazosentan and placebo groups, respectively (15% compared with 44% in the on-treatment analysis).
Does Cerebral Infarction Cause Poor Outcome?
Angiography was not performed in all cases in any of these studies, so there is great difficulty in using them to establish a relationship between angiographic vasospasm and delayed cerebral ischemia, or between angiographic vasospasm and poor outcome. Some reports have multiple limitations, including univariate analysis only, limited documentation of how infarction was diagnosed, and selective application of diagnostic tests. 57 Because of this one cannot discern the independent effects of infarction on outcome, and therefore they are not considered further. Also, none of these studies includes a substantial number of patients who underwent endovascular treatment, or no statement is made about treatment methods. 60 Juvela 28 examined 242 of 291 patients who survived the initial hemorrhage and were alive for at least 4 days. Of the 242 patients, delayed cerebral ischemia developed in 90 (37%), and 54 (22%) either had fixed deficits or died. Of 195 patients who were available for CT scanning at 1 year, 44% had infarcts that were considered probably secondary to vasospasm. Delayed cerebral ischemia was significantly associated with infarction on follow-up CT scans, and patients in whom a fixed deficit arose from delayed cerebral ischemia associated with infarction had a significantly increased likelihood of unfavorable outcome.
Claassen, et al., 7 defined delayed cerebral ischemia as unexplained clinical deterioration and/or a new infarct present on CT scans that was not present shortly after aneurysm treatment. Angiographic confirmation was not required. The incidence of delayed cerebral ischemia in 276 patients with SAH was 20% (54 patients). Of the 54 patients, cerebral infarction was present in 34 (63%). The mortality rate at 3 months was not associated with delayed cerebral ischemia, although a worse 3-month outcome on the mRS was. Therefore, there was not a robust association between delayed cerebral ischemia and outcome, but in this study the investigators were not directly examining cerebral infarction. Similar findings were reported in a retrospective review by Shimoda, et al., 52 who found that cerebral infarction was associated with poor outcome but that the relationship of delayed cerebral ischemia to outcome was less obvious. No statistical analysis of these data was performed.
Woertgen and colleagues 66 retrospectively defined delayed cerebral ischemia as a new infarct on CT scans that was not present on admission or within 1 day of aneurysm surgery. Patients who underwent endovascular treatment were excluded. In this study, 83 (28%) of 292 patients had an infarct that probably resulted from vasospasm, although angiography was not performed, so we cannot use these data to link angiographic vasospasm to infarction or outcome. Delayed cerebral ischemia was significantly correlated to outcome, in that only 9% of patients with a good outcome had delayed cerebral ischemia, whereas 62% of patients with an unfavorable outcome had this condition. An important limitation, however, is that other variables that may affect outcome were not included in the analysis. A multivariate analysis using logistic regression, proportional odds models, or other techniques must be done.
Retrospective analysis showed that 57 of 143 patients with aneurysmal SAH had evidence of infarction on CT scans that could not be attributed to complications of surgery or angiography. 45 Most of the infarcts were probably due to vasospasm, but angiographic studies were not always obtained to document this. Cerebral infarction was significantly predictive of poor outcome, with a mean mRS score of 1 in patients with no infarct compared with a score of 3 in patients with an infarct.
The randomized trial comparing enoxaparin with placebo in 117 good-grade patients with SAH was discussed earlier. 67 The relationship of infarction to outcome was not examined, but the data show that enoxaparin treatment was associated with reduced localized angiographic vasospasm and cerebral infarction, and with improved outcome at 2 months on the GOS score. Concomitant improvement in outcome and a reduction in infarction support a causative relationship and the potential use of infarction as a surrogate outcome measure. One limitation, also mentioned earlier, is the lack of effect observed in another similar study of enoxaparin. 53 There are other examples of covariance of infarction and outcome. A Cochrane review of calcium antagonists for aneurysmal SAH included 12 unconfounded randomized trials. 47 Nimodipine was used in eight trials and nicardipine in two, but in the other trials a different class of drug (AT877, which is a Rho kinase inhibitor, and magnesium sulfate, which has multiple actions) was used. This does not alter the association shown, which was that a reduction in delayed cerebral ischemia and infarction was associated with improved outcome. Delayed cerebral ischemia was reduced from 452 (40%) of 1124 patients in the control groups to 288 (27%) of 1063 patients (RR 0.67, 95% CI 0.60-0.76) in the treatment groups. Infarction observed on CT scans, which would not necessarily be due to vasospasm, occurred in 303 (37%) of 821 of the treated patients and in 47% of the control patients (RR 0.80, 95% CI 0.71-0.89). Of the eight trials in which functional outcome measures were used, there was a risk of poor outcome after treatment (RR 0.82, 95% CI 0.72-0.93) and an absolute risk reduction of 5%. Data in the largest nimodipine trial showed similar results. 44 Among the 554 patients with 3 months of follow-up review, the incidence of cerebral infarction from all causes was 61 (22%) of 278 in the treatment group compared with 92 (33%) of 276 in the control group on an intention-to-treat basis, a significant difference. Poor outcomes were 20 and 33% for the treatment and control groups, respectively.
A European study published in 2005 reported on 283
Neurosurg. Focus / Volume 21 / September, 2006
Angiographic vasospasm in evaluating therapy for cerebral vasospasm patients who were randomized to receive magnesium sulfate or placebo. 60 The results showed a link between alteration of delayed cerebral ischemia (defined as a new hypodense lesion on CT scans that correlates with clinical symptoms of vasospasm) and alteration of outcome. The risk of delayed cerebral ischemia was reduced by 34% in the magnesium group according to the on-treatment analysis, and the risk of poor outcome was reduced by 23% in the intention-to-treat analysis.
Does Angiographic Vasospasm Cause Poor Outcome?
It would be optimal to have data showing that this is true, because it must be if the pathway is correct. This evidence, however, is disappointingly elusive. Arguably one of the best studies remains a retrospective one that included 274 patients with aneurysms, 251 of which were ruptured. 63 Multiple regression analysis showed that preoperative angiographic vasospasm was the second most important factor (after clinical grade) associated with 2-month survival among 135 patients treated surgically. All patients with no postoperative angiographic vasospasm were alive at 2 months. In 39% of patients preoperative angiograms were obtained at least 4 days postictus, so we can assume that preoperative vasospasm in this context would have included a large number with delayed cerebral vasospasm.
A prospective, multivariate analysis of a cooperative study used death as the dependent variable. 58 Independent factors associated with death were, in order of importance, neurological status, diastolic blood pressure, interval to treatment, a qualitative assessment of angiographic vasospasm at no set time after SAH, and medical condition. A retrospective multivariate analysis of 265 patients with SAH yielded similar findings, with survival affected by admission neurological grade, age, blood pressure, longer time from SAH to surgery, and aneurysm side. 2 Each of these three studies is limited by the fact that angiography was performed at various times after SAH, so the absence of vasospasm could be due to the failure to perform angiography at the correct time after SAH. 2, 58, 63 The enoxaparin trial has been discussed earlier in this paper, but the findings have a bearing on this relationship because they show covariance in angiographic vasospasm and outcome. 67 Not all patients underwent angiography (82 [70%] of 117), which introduces bias, but in the ones who did there was a significant decrease in localized angiographic vasospasm and improvement in outcome in the enoxaparin-treated group.
Numerous other studies show that delayed cerebral ischemia is associated with poor outcome, but angiographic vasospasm was not assessed in these studies or the data are too vague to show the relationship accurately and statistically. 6, 25, 37 The nicardipine studies confuse the relationship because they demonstrate a dissociation between angiographic vasospasm, cerebral infarction, and outcome. 21, 22 In the Cooperative Aneurysm Study, 906 patients with aneurysmal SAH were randomly allocated to receive treatment with nicardipine or placebo. Outcome, incidence, and size of cerebral infarcts at 3-month follow up were identical between groups, yet angiographic vasospasm was less frequent in the treated patients. Only a subset of patients underwent angiography and not all had follow-up CT scans, which could introduce bias, but one has to invoke other mechanisms to explain the results. It is possible that hemodynamic therapy, which was used more often in patients receiving placebo, was effective enough to offset the benefit of nicardipine. It is unlikely that nicardipine was harmful, because delayed cerebral ischemia was less common in the nicardipine-treated group. If this agent had adverse effects such as hypotension, then there should have been at least as much if not more delayed cerebral ischemia in the nicardipine group.
These data are further limited by the absence of patients treated using endovascular procedures and of those undergoing current treatment methods. This limitation makes it difficult to derive any accurate, quantitative information on what degree and extent of angiographic vasospasm leads to infarction, what the frequency and extent of infarction is, and how exactly this relates to outcome.
Conclusions
Cerebral vasospasm is probably a leading cause of morbidity and death after aneurysmal SAH. Overall, there are demonstrable correlations between SAH, vasospasm, delayed cerebral ischemia/infarction, and outcome. The strongest links are between SAH and angiographic vasospasm, SAH and cerebral infarction, and cerebral infarction and outcome. The data linking angiographic vasospasm to cerebral infarction and to outcome are somewhat weak. Not enough evidence is available to prove that angiographic vasospasm in itself could be used as a surrogate marker to monitor disease progression and efficacy of intervention.
Based on the results of clinical trials, conventional catheter angiography is used infrequently to diagnose vasospasm. Conventional angiography remains the gold standard, so failing to perform it makes it difficult to use vasospasm as an end point in a clinical trial. Conventional angiography is an invasive modality, and the use of less invasive techniques of proven specificity and sensitivity would be welcome. Promising reports include multidetector-row CT angiography 65, 68 and the combination of CT angiography with perfusion CT scanning, 64 and such modalities may become targets as surrogate markers themselves in the future.
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